The brilliant blue color of the Nemophila menziesii flower is derived from metalloanthocyanin, which consists of anthocyanin {petunidin 3-O-[6-O-(trans-p-coumaroyl)- 0 -O positions are essential for metalloanthocyanin formation, the mechanism of glucosylation has not yet been clarified. In this study, we used crude protein extract prepared from N. menziesii petals to determine that apigenin is sequentially glucosylated by the catalysis of UDPglucose:flavone 4 0 -O-glucosyltrasferase (F4 0 GT) and UDP-glucose:flavone 4 0 -O-glucoside 7-O-glucosyltransferase (F4 0 G7GT). We identified 150 contigs exhibiting homology with a UDPglucose-dependent GT in the N. menziesii petal transcriptome and isolated 24 putative full-length GT cDNAs which were then subjected to functional analysis. Two GT cDNAs, NmF4 0 GT and NmF4 0 G7GT, which are highly expressed during the early stages of petal development and rarely in leaves, were shown to encode F4 0 GT and F4 0 G7GT activities, respectively. Biochemical characterization of the recombinant enzymes revealed that NmF4 0 GT specifically catalyzed 4 0 -glucosylation of flavonoids and that NmF4 0 G7GT specifically catalyzed 7-glucosylation of flavone 4 0 -O-glucosides and flavones. Apigenin 7,4 0 -O-diglucoside was efficiently synthesized from apigenin in the presence of recombinant NmF4 0 GT and NmF4 0 G7GT. Transgenic tobacco BY-2 cells expressing NmF4 0 GT and NmF4 0 G7GT converted apigenin into apigenin 7,4 0 -O-diglucoside, confirming their activities in vivo. Based on these results, we conclude that these two GTs act co-ordinately to catalyze apigenin 7,4 0 -O-diglucoside biosynthesis in N. menziesii.
0 -O positions are essential for metalloanthocyanin formation, the mechanism of glucosylation has not yet been clarified. In this study, we used crude protein extract prepared from N. menziesii petals to determine that apigenin is sequentially glucosylated by the catalysis of UDPglucose:flavone 4 0 -O-glucosyltrasferase (F4 0 GT) and UDP-glucose:flavone 4 0 -O-glucoside 7-O-glucosyltransferase (F4 0 G7GT). We identified 150 contigs exhibiting homology with a UDPglucose-dependent GT in the N. menziesii petal transcriptome and isolated 24 putative full-length GT cDNAs which were then subjected to functional analysis. Two GT cDNAs, NmF4 0 GT and NmF4 0 G7GT, which are highly expressed during the early stages of petal development and rarely in leaves, were shown to encode F4 0 GT and F4 0 G7GT activities, respectively. Biochemical characterization of the recombinant enzymes revealed that NmF4 0 GT specifically catalyzed 4 0 -glucosylation of flavonoids and that NmF4 0 G7GT specifically catalyzed 7-glucosylation of flavone 4 0 -O-glucosides and flavones. Apigenin 7,4 0 -O-diglucoside was efficiently synthesized from apigenin in the presence of recombinant NmF4 0 GT and NmF4 0 G7GT. Transgenic tobacco BY-2 cells expressing NmF4 0 GT and NmF4 0 G7GT converted apigenin into apigenin 7,4 0 -O-diglucoside, confirming their activities in vivo. Based on these results, we conclude that these two GTs act co-ordinately to catalyze apigenin 7,4 0 -O-diglucoside biosynthesis in N. menziesii. 
Introduction
Flower color plays an important role in attracting pollinators. Flavonoids and their colored compounds, known as anthocyanins, are the main constituents of flowers and confer yellow, orange, red, violet and blue coloration. Flowering plants have adopted various tactics to develop flower colors (Tanaka et al. 2008) . Violet/blue flowers tend to contain delphinidin-based anthocyanins, which are often modified with multiple glycosyl and aromatic acyl moieties. The presence of co-pigments, typically glucosides of flavones and flavonols, causes a bathochromic shift in the anthocyanins by intramolecular stacking to yield darker, bluer hues. Anthocyanins localize in the vacuole and are therefore affected by vacuolar pH; alkaline conditions in the vacuole produce bluer colors. Metal ions such Fe 3+ and Al 3+ also enhance blue colors. Some plants, including Commelina communis, Centaurea cyanus, Salvia patens, Salvia uliginosa and Nemophila menziesii, develop a pure blue color by accumulating metalloanthocyanin complexes, which consist of six anthocyanin molecules and six molecules of apigenin 7,4 0 -O-diglucoside or its derivatives with two Fe
3+
or Mg 2+ ions in the center of the complex (Yoshida et al. 2009 ). In vivo, C. cyanus and C. communis metalloanthocyanins contain additional Ca 2+ and Mg 2+ , respectively (Shiono et al. 2005 , Shiono et al. 2008 ). The two apigenin glucosyl moieties at the 7-O and 4 0 -O positions have been shown to be crucial for metalloanthocyanin formation (Kondo et al. 2001 , Yoshida et al. 2009 ).
The biochemistry and molecular biology of the main flavonoid biosynthesis pathway have been well characterized (Tanaka et al. 2008) . The pathway leading from 4,2 0 ,4 0 ,6 0 -tetrahydroxyl chalcone, the first flavonoid compound, to anthocyanidin 3-O-glucoside is well conserved among plant species. The key reaction affecting flower color is hydroxylation of the flavonoid B-ring, which is catalyzed by flavonoid 3 0 -hydroxylase and flavonoid 3 0 ,5 0 -hydroxylase (F3 0 5 0 H). These reactions are essential for the biosynthesis of cyanidin-and delphinidin-based anthocyanins, respectively. Flavones and flavonols are synthesized from flavanones and dihydroflavonols by catalysis of flavone synthase (FNS) and flavonol synthase, respectively. Anthocyanidin 3-O-glucosides, flavones and flavonols are further modified with glycosyl, acyl and methyl groups in a species-specific manner. Glycosylation of anthocyanins, flavones and flavonols is generally catalyzed by cytosolic UDP-sugar-dependent glycosyltransferases (UGTs) and has been studied extensively (Tanaka et al. 2008, YonekuraSakakibara and Hanada 2011) . Recently, vacuolar acyl-glucosedependent enzymes belonging to glycoside hydroxylase family 1 have also been shown to catalyze anthocyanin glucosylation (Sasaki and Nakayama 2015) .
Glucosyltransferase (GTs), which are ubiquitous in living organisms, catalyze the transfer of sugar moieties to specific acceptor molecules. The GT superfamily consists of >90 families, which are further classified into subfamilies on the basis of sequence identity. UGTs involved in the glycosylation of plant secondary compounds, including flavonoids, belong to GT family 1. One plant species may contain >100 different GT family 1 members (Yonekura-Sakakibara and Hanada 2011). The glycosylation of flavonols catalyzed by UGTs has been studied extensively in Arabidopsis thaliana (YonekuraSakakibara et al. 2008) . UGTs which catalyze glycosylation of flavonoids are classified into several clusters on the basis of their amino acid sequence identities. UGTs catalyzing glycosylation of the same position of flavonoids from different species usually belong to the same clusters, as described below. We previously showed that GTs involved in flavonoid biosynthesis can be classified into the following clusters: flavonol/anthocyanidin 3-O-glucosyltransferases (3GTs), anthocyanin 5-O-glucosyltransferases (5GTs), flavonoid 3 0 /7-O-glucosyltransferases (3 0 / 7GTs) and flavonoid glucoside glucosyltransferases (GGTs), which catalyze glycosylation at the sugar moiety attached to flavonoids (Fukuchi-Mizutani et al. 2003 , Tanaka et al. 2008 . Interestingly Clitoria ternatea anthocyanin 3 0 ,5 0 GT belongs to the flavonol/anthocyanidin 3GT cluster (Noda et al. 2017) , and the anthocyanin 5GT-like sequence of Pyrus communis has been suggested to be flavonol 7GT. Rosa hybrida anthocyanidin 5,3GT (Ogata et al. 2005) and Antirrhinum majus chalcone 4 0 GT (Ono et al. 2006) do not belong to but are related to the flavonoid 3 0 /7GT cluster. Many UGTs have been shown to exhibit flavone 4 0 or 7GT activities in vitro. Dorotheanthus bellidiformis betanidin 5GT (Vogt et al. 1999) showed flavonoid 4 0 and 7GT activities. Glycine max isoflavone 7GTs (GmUGT1 and GmUGT7) (Noguchi et al. 2007 , Funaki et al. 2015 exhibited flavone 4 0 GT activity. Scutellaria baicalensis flavonoid 7GT (Hirotani et al. 2000) , Beta vulgaris flavonoid GTs (UGT73A4 and UGT71F1) (Isayenkova et al. 2006 ) and D. bellidiformis betanidin 6GT (Vogt et al. 1997 ) exhibited 7-glucosylation activity toward apigenin or luteolin in vitro. In spite of these studies, our knowledge of flavone glucosylation in vivo is still very limited.
Flower color is one of the most important characters of floricultural crops. Major cut flower species such as roses, carnations and chrysanthemums lack the ability to produce violet/blue flowers, primarily due to a genetic deficiency in F3 0 5 0 H and thus a deficiency in delphinidin-based anthocyanin. Nonetheless, such colors are desirable, and expression of a F3 0 5 0 H gene in these species successfully promoted delphinidin accumulation in their petals, resulting in blue flowers (Katsumoto et al. 2007 , Noda et al. 2013 , Tanaka and Brugliera 2013 ; the transgenic roses and carnations expressing the F3 0 5 0 H gene have since been commercialized. The transgenic chrysanthemums expressing Campanula medium F3 0 5 0 H and C. ternatea anthocyanin 3 0 ,5 0 GT exhibited a pure blue color. The blue color is derived from intermolecular interaction between delphinidin 3-O-(6-O-malonylglucoside) 3 0 ,5 0 -O-diglucoside and endogenous flavone 7-O-(6-O-malonylglucoside) (Noda et al. 2017) .
Nemophila menziesii Hook. & Arn. is a plant of the Boraginaceae family native to western North America, noted for its pure blue flowers (Fig. 1A) . This color is derived from the metalloanthocyanin nemophilin, which comprises six (Fig. 1C) , one Mg 2+ ion and one Fe 3+ ion (Yoshida et al. 2015) . Previously, we isolated a set of biosynthetic flavonoid genes including FNSII from N. menziesii (Okitsu et al. 2018) fig. 1 of a previous study, used with permission (Okitsu et al. 2018 .
encoding these GTs and characterized them in vitro and in vivo. These genes are expected to be useful molecular tools that may be used to engineer blue flowers by promoting metalloanthocyanin accumulation.
Results
Analysis of apigenin 7,4 0 -O-diglucoside synthesis from crude petal protein extract
The sequence of glucosylations during biosynthesis of apigenin 7,4 0 -diG, an essential component of nemophilin, was elucidated using crude protein extract from N. menziesii petals. The results of a time-course experiment investigating apigenin glucosylation are shown in Fig. 2A . Apigenin was depleted within 60 min as a result of UDP-glucose-dependent glucosylation. The amount of apigenin 4 0 G increased for 40 min and then decreased with concomitant increases in apigenin 7,4 0 -diG. Most apigenin (83.9%) was converted to apigenin 7,4 0 -diG, and the rest to apigenin 7G in 120 min. These results indicate that N. menziesii crude protein extract catalyzes synthesis of apigenin 4 0 G from apigenin and then apigenin 7,4 0 -diG from apigenin 4 0 G (Fig. 3) . The detection of a small amount of apigenin 7G (15.6%) indicates that the extract also exhibited weak 7-glucosylation activity toward apigenin (dotted line in Fig. 3 ) and that 4 0 -glucosylation activity does not catalyze apigenin 7G. When UDP-galactose was used as a sugar donor, no products were detected (data not shown).
When apigenin 4 0 G was used as a substrate, it was converted into apigenin 7,4 0 -diG within 60 min ( Fig. 2B) , while there was no significant conversion of apigenin 7G to apigenin 7,4 0 -diG even after 120 min (Fig. 2C) . These results confirm that apigenin is glucosylated first at the 4 0 -O position and then at the 7-O position.
Isolation of N. menziesii GT cDNAs using transcriptome data
A BLAST homology search with G. triflora anthocyanin 3 0 GT resulted in 150 contigs from the N. menziesii transcriptome.
Of these, 38 contigs expressed strongly in stage 1 and 2 petals and rarely in leaves were selected as candidates for F4 0 GT and F4 0 G7GT, given that these genes are expected to be expressed in a co-ordinated manner with FNSII, transcripts of which are abundant in the stage 1 and 2 petals but not in leaves (Okitsu et al. 2018 ). The two contigs showing the highest reads per kilobase per million mapped reads (RPKM) in exons at stage 1 were c4985 (RPKM value = 710.5) and c1526 (278.3) (Fig. 4) . c1526 had the highest RPKM value (343.8) among GT homologs at stage 2. The expression profiles of c4985 and c1526 are consistent with those of chalcone synthase, chalcone isomerase and FNSII in N. menziesii, all of which are expressed strongly in petals at stage 1 and 2 and weakly in leaves (Okitsu et al. 2018) . Full-length clones of c4985 and c1526 were obtained and referred to as NmGT8 and NmGT22, respectively. Among the 10 most highly expressed contigs in stage 1 petals (Fig. 4) , further sequence analysis revealed that c28874, c7634, c39734, c31592 and c57111 corresponded to NmGT8 and that c12619 and c13699 corresponded to NmGT22, which suggests that NmGT8 and NmGT22 are expressed much more strongly than the other GT genes at early petal stages. c889 corresponds to NmGT6.
In addition to NmGT8 and NmGT22, we isolated 15 GT cDNAs from the 38 contigs. The additional seven GT cDNAs belonging to or related to the flavonoid 3 0 /7GT cluster were isolated in the expectation that F4 0 GT and F4 0 G7GT would belong to or be related to the flavonoid 3 0 /7GT cluster. A total of 24 GT cDNAs were obtained ( Table 1) . Phylogenetic analysis revealed that NmGT0, NmGT3 and NmGT4 belong to the flavonoid 3 0 /7GT cluster, NmGT8, NmGT9 and NmGT10 are related to the flavonoid 3 0 /7GT cluster, NmGT24 to the flavonol/anthocyanidin 3GT cluster, NmGT22 is related to the anthocyanin 5GT cluster, and NmGT11, NmGT26, NmGT27 and NmGT28 to the GGT cluster. NmGT1, NmGT2, NmGT5, NmGT6, NmGT7, NmGT13, NmGT14, NmGT16, NmGT17, NmGT18, NmGT21 and NmGT29 do not belong to any clusters (Fig. 5) .
Characterization of NmGT8 and NmGT22 in vitro
The 24 GT cDNAs obtained were expressed in Escherichia coli and subjected to a glucosylation assay for apigenin, luteolin and their glucosides. NmGT8 expressed in E. coli displayed F4 0 GT activity (Fig. 6C) . Although NmGT0 catalyzed 7-glucosylation of flavones in vitro ( Supplementary Fig. S1C ), the RPKM value was very low (14.47), so this activity may not occur in vivo. NmGT3 and NmGT4 exhibited flavone 4 0 ,7GT activities in vitro (Supplementary Fig. S1F , G), but these activities were not detected when they were expressed in transgenic P. hybrida ( Supplementary Fig. S2 ). NmGT22 catalyzed 7-glucosylation of flavones (apigenin and luteolin) and flavone 4 0 Gs (apigenin 4 0 G and luteolin 4 0 G) (Fig. 6F) . The other 19 GTs (NmGT1, NmGT2, NmGT5, NmGT6, NmGT7, NmGT9, NmGT10, NmGT11, NmGT13, NmGT14, NmGT16, NmGT17, NmGT18, NmGT21, NmGT24, NmGT26, NmGT27, NmGT28 and NmGT29) exhibited no flavone GT activity. Based on these results, NmGT8 and NmGT22 were determined to correspond to F4 0 GT and F4 0 G7GT, respectively, and were subjected to further study.
The purified recombinant NmGT8 efficiently catalyzed 4 0 -glucosylation of apigenin (Fig. 6C) . It also catalyzed 4 0 -glucosylation of luteolin, albeit less efficiently, though it did not catalyze glucosylation of apigenin 4 0 G, luteolin 4 0 G, apigenin 7G or luteolin 7G ( Table 2) . It also weakly catalyzed 4 0 -glucosylation of kaempferol and strongly catalyzed 4 0 -glucosylation of quercetin, but it did not catalyze glucosylation of isoflavones (genistein and daidzein) or betanidin ( Table 2) . Betanidin is a red floral pigment and belongs to betalains, a different class of compounds from flavonoids. Since N. menziesii petals contain kaempferol 3-O-(6-O-rhamnosyl)-glucoside-7-Oglucoside and its derivatives but not flavonol 4 0 Gs (Tatsuzawa et al. 2014 , Okitsu et al. 2018 , the flavonol 4 0 GT activity of NmGT8 detected in vitro was not considered to be physiological.
The recombinant NmGT22 catalyzed 7-glucosylation of apigenin 4 0 G to yield apigenin 7,4 0 -diG (Table 3 ; Fig. 6F ). NmGT22 efficiently catalyzed 7-glucosylation of apigenin 4 0 G followed by luteolin 4 0 G. Interestingly, it also catalyzed 7-glucosylation of apigenin and, to some extent, luteolin (Table 3) . It did not catalyze glucosylation of isoflavones (genistein and daidzein) or betanidin.
Apigenin 7,4 0 -diG was efficiently synthesized from apigenin in vitro when equal amounts of NmGT8 and NmGT22 were added to the reaction mixture (Fig. 7E) , while the addition of NmGT8 or NmGT22 alone resulted in synthesis of apigenin 4 0 G and apigenin 7 G, respectively (Fig. 7C, D) . These results indicate that NmGT8 and NmGT22 co-ordinate to produce apigenin 7,4 0 -diG from apigenin. The kinetic parameters of NmGT8 and NmGT22 are shown in Table 4 . The K m value of NmGT8 toward apigenin was less than one-third of that of NmGT22, which indicates that NmGT8 has higher affinity for apigenin than NmGT22. The K m values of NmGT8 and NmGT22 toward apigenin (2.3 ± 0.7 and 7.5 ± 1.2 mM, respectively) were in the range of K m values (2.4-137 mM) previously reported, including that of B. vulgaris flavonoid 7GT (UGT71F1) toward quercetin (Isayenkova et al. 2006) , G. max isoflavone 7GT (GmUGT1) toward genistein (Noguchi et al. 2007 ), P. frutescens anthocyanidin 5GT toward cyanidin 3G (Yamazaki et al. 1999 ) and S. baicalensis flavonoid 7GT toward baicalein (Hirotani et al. 2000) . NmGT22 showed comparable affinity for apigenin and apigenin 4 0 G, but also a k cat /K m value about 3-fold higher toward apigenin 4 0 G (0.12 ± 0.01 s À1 mM
À1
) than toward apigenin (0.03 ± 0.00 s À1 mM
). These results indicate that the combination of the high affinity of NmGT8 for apigenin and the high velocity of 7-glucosylation of apigenin 4 0 G catalyzed by NmGT22, results in efficient accumulation of apigenin 7,4 0 -diG.
Characterization of NmGT8 and NmGT22 in vivo
Nicotiana tabacum Bright Yellow 2 (tobacco BY-2) cells expressing NmGT8 (cell line NmGT8-05), NmGT22 (NmGT22-16) and both NmGT8 and NmGT22 (NmGT8/NmGT22-24) were fed with apigenin to reveal their function in vivo. The results of HPLC analysis are shown in Fig. 8 . Wild-type BY-2 cells fed with apigenin synthesized apigenin 7G (Fig. 8C) , as shown by endogenous flavonoid 7GT activity (Taguchi et al. 2003) . Apigenin 4 0 G was detected in NmGT8-5 cells (Fig. 8D) ,
indicating that NmGT8 functions as a F4 0 GT in vivo. A small amount of apigenin 7,4 0 -diG was synthesized due to a combination of apigenin 4 0 GT activity derived from NmGT8 and endogenous 7GT activity. The HPLC chromatogram of 0 GT (NmGT8) and NmF4 0 G7GT (NmGT22) and 28 known GTs from various other plant species were aligned. Accession numbers for those GTs in the database and species names are shown. GTs whose functions have been studied in vivo are shown with bold letters. Scale bar = 0.1 amino acid substitutions per site.
NmGT22-16 (Fig. 8E ) was similar to that of the host cells (Fig. 8C) . This is unsurprising since introduced NmGT22-derived F7GT activity is not distinguishable from endogenous flavonoid 7GT activity. Apigenin 7,4 0 -diG was clear in NmGT8/ NmGT22-24 (Fig. 8F) , suggesting that NmGT8 and NmGT22 catalyze sequential glucosylation of apigenin to yield apigenin 7,4 0 -diG in vivo.
Discussion
The present study shows that N. menziesii apigenin 7,4 0 -diG is biosynthesized in a sequential manner by F4 0 GT and F4 0 G7GT. F4 0 G7GT also catalyzes glucosylation of flavones to some extent (Fig. 3) . The genes encoding these enzymes, NmGT8 and NmGT22, respectively, have been successfully identified and sequenced. The recombinant enzymes were biochemically characterized and their in vivo function was elucidated. Previously, flavone glucosylation had mainly been studied on the basis of in vitro measurements (Vogt et al. 1997 , Vogt et al. 1999 , Hirotani et al. 2000 , Isayenkova et al. 2006 , Noguchi et al. 2007 , Funaki et al. 2015 ; in vivo flavone glucosylation studies were scarce, and this is the first ever report of isolation of F4 0 GT and F4 0 G7GT cDNAs exhibiting their activities in vivo, and has shed new light on flavone biosynthesis.
Flavonoids are very often modified with plural glycosyl moieties and plants adopt various tactics to achieve specific flavonoid modifications. Anthocyanidin 3,5-diG and its derivatives are widely distributed in plant species and synthesized stepwise by anthocyanidin 3GT and anthocyanin 5GT in P. frutescens (Yamazaki et al. 1999) , P. hybrida (Yamazaki et al. 2002) and G. triflora (Nakatsuka et al. 2008) , while 5-and 3-glucosylation of anthocyanidin 3,5-diG in R. hybrida and 3 0 -and 5 0 -glucosylation of delphinidin 3,3 0 ,5 0 -triG in C. ternatea are catalyzed by single enzymes, anthocyanidin 5, 3GT and anthocyanin 3 0 ,5 0 GT, respectively (Ogata et al. 2005 , Noda et al. 2017 ). Acyl-glucosedependent GTs have been shown to contribute to the glucosylation of anthocyanins, including 5-glucosyaltion and 7-glucosyaltion of anthocyanin in Dianthus caryophyllus and Delphinium grandiflorum, respectively (Matsuba et al. 2010) . Arabidopsis thaliana contains many kinds of flavonol glycosides, which have been shown to synthesize stepwise glycosylation by UGT (Saito et al. 2013 , Yonekura-Sakakibara et al. 2014 ). Previously, we isolated a set of biosynthetic flavonoid genes from N. menziesii petal transcriptome data (Okitsu et al. 2018) ; in the present study, we extended this research to isolate 24 kinds of family 1 GT cDNAs. Only two among these (F4 0 GT and F4 0 G7GT) were functionally studied here, so much remains to be investigated to understand the full picture regarding family 1 GTs in N. menziesii. In the case of Rosaceae plants, P. communis flavonol 7GT belongs to the anthocyanin 5GT cluster (Fischer et al. 2007 ) and 5-glucosylation of anthocyanins is catalyzed by R. hybrida anthocyanidin 5,3GT (Ogata et al. 2005) related to the flavonoid 3 0 /7GT cluster. The fact that N. menziesii F4 0 G7GT is related to the anthocyanin 5GT cluster suggests that alteration of flavonoid GT specificity is flexible, and the acquisition of new functions has occurred in the pre-existing anthocyanin 5GT gene several times throughout plant evolution.
Violet/blue flowers have been successfully engineered by expression of F3 0 5 0 H in roses and carnations, and, recently, coexpression of anthocyanin 3 0 ,5 0 GT in chrysanthemums. Now that we have obtained molecular tools to engineer apigenin 7,4 0 -diG, an essential component of blue metalloanthocyanins, we have moved one step closer to accumulation of metalloanthocyanins in heterogonous plants and engineering blue flowers in other species.
Materials and Methods

Plant material
Nemophila menziesii cultivar 'Insignis Blue' was purchased from a florist and cultivated. Its petals were classified into four developmental stages (Fig. 1A) . The collected petals were immediately stored at À80 C until the extraction of crude protein and total RNA.
Chemicals
Apigenin, apigenin 7G, luteolin, luteolin 4 0 G, luteolin 7G, kaempferol, kaempferol 3G, kaempferol 7G, quercetin and quercetin 3G were purchased from Extrasynthese. Quercetin 4 0 G was from Tokiwa Phytochemical. Genistein and daidzein were obtained from the Cayman Chemical Company. Apigenin 7,4 0 - Table 4 Kinetic parameters of NmGT8 and NmGT22 toward flavones 0 -O-glucoside, apigenin 7-O-glucoside and apigenin 7,4 0 -Odiglucoside (A), the reaction mixture after reaction of heat-treated NmGT8 and heat-treated NmGT22 with apigenin (B), NmGT8 and heat-treated NmGT22 (C), heat-treated NmGT8 and NmGT22 (D), and NmGT8 and NmGT22 (E). diG was provided by Dr. Yoshida (Nagoya University). UDP-glucose and UDPgalactose were purchased from Nacalai Tesque. All other chemicals were of analytical grade. Apigenin 4 0 G used for biochemical assays in this study was isolated from an enzymatic reaction mixture with apigenin and recombinant F4 0 G isolated from N. menziesii. Its identity was confirmed by comparing it with the chemically synthesized authentic apigenin 4 0 G whose structure had been verified with NMR measurement (Supplementary Fig. S3 ).
Preparation of crude N. menziesii petal protein extract from N. menziesii petals A 250 mg aliquot of stage 1 and 2 petals was ground in liquid nitrogen with a mortar and pestle and then thawed in 2.0 ml of 0.1 M potassium phosphate buffer (pH 7.5) containing 100 mM dithiothreitol (DTT), 1 mM polyvinylpyrrolidone 40, and 50 mg ml À1 sucrose. After centrifugation at 14,400Âg for 10 min, ammonium sulfate was added to the supernatant to 30% saturation. The mixture was stirred for 1 h and centrifuged. Ammonium sulfate was added to the supernatant to 70% saturation and the mixture was stirred for 1 h, then the mixture was centrifuged. The precipitate was dissolved in 500 ml of 0.1 M Tris-HCl buffer (pH 7.5) containing 2.5 mM DTT and 10 mM (p-amidinophenyl) methanesulfonyl fluoride and then desalted using a Sephadex G-25 NAP-5 Column (GE Healthcare) equilibrated with the same buffer to obtain crude protein extract. All procedures were carried out at 4 C. The protein concentration in the extract was quantified by BioRad protein assay (BioRad) using bovine serum albumin as standard.
Detection of N. menziesii F4
0 GT and F4 0 G7GT activities GT activities were measured in a 100 ml reaction mixture consisting of 5 mg of crude protein extract, 1 mM UDP-glucose or UDP-galactose as a sugar donor, 20 mM apigenin, apigenin 4 0 G or apigenin 7G as an acceptor, and 0.1 M Tris-HCl buffer (pH 7.5). After pre-incubation for 10 min at 30 C, the reaction was initiated by the addition of the crude protein extract. After incubation at 30 C for 0, 1, 2, 5, 10, 20, 30, 40, 60, 90 or 120 min, the reaction was terminated by addition of 100 ml of 90% acetonitrile (v/v) containing 0.1% trifluoroacetic acid (TFA). The mixture was centrifuged at 12,400Âg for 5 min. The supernatant was subjected to HPLC analysis. HPLC was performed using a Shim-pack FC-ODS column (15 cmÂ4.6 mm; Shimadzu), operated at 40 C with a linear gradient using solvent A (H 2 O:TFA, 99.9:0.1, v/v) and B (H 2 O:methanol:TFA, 9.9:90:0.1, by vol.), from 20% to 100% solvent B for 16 min, followed by isocratic elution using 100% solvent B for 6 min at a flow rate of 0.6 ml min
À1
. Flavonoids were detected at a range of absorbances between 250 and 600 nm using a photodiode array detector (SPD-M20A, Shimadzu). Peak identification was based on retention time, spectra and co-chromatography with the authentic compounds. Enzymatic reactions were performed in three replicates thought this study.
Isolation of N. menziesii glucosyltransferase genes
A BLAST homology search was performed with the amino acid sequences of G. triflora anthocyanin 3 0 GT against a petal transcriptome database consisting of 61,491 contigs derived from the normalized cDNA sequence library of N. menziesii petals (Okitsu et al. 2018 ) using BLASTX 2.2.17 (tblastn, expectation value set to 10) to obtain homologous contigs. The sequences obtained were aligned with known GTs from various plant species using MacVector Assembler version 14.5.2 to identify contigs encoding N. menziesii GTs. Those N. menziesii GT amino acid sequences were used for phylogenetic analysis. A NeighborJoining tree was constructed using 1,000 bootstrap replicates with CLUSTALW version 2.1 (http://clustalw.ddbj.nig.ac.jp/). A phylogenetic tree was constructed using Dendroscope version 3.5.9 (http://dendroscope.org/).
We also analyzed the contigs expressed more strongly in petals at stages 1 and 2 but rarely expressed in leaves, with respect to petal and leaf RPKM values. The full-length cDNAs were amplified by RT-PCR using total petal RNA and a pair of primers (Table 1 ) designed based on the 5 0 and 3 0 parts of the genes with Super ScriptII Reverse Transcriptase (Invitrogen) and KOD-plus polymerase (TOYOBO). The PCR conditions were: 2 min at 94 C followed by 30 cycles of 15 s at 94 C, 30 s at 55 C, 30 s at 68 C for 1 min, then cooling to 4 C. The amplified DNA fragment ( Table 1 ) was subcloned into pCR-TOPO vectors and sequenced. A GeneRacer kit (Invitrogen) was used to obtain full-length cDNA sequences when the contigs contained only partial sequences.
Characterization of NmF4
0 GT and NmF4 0 G7GT in vitro A total of 24 GT cDNAs were isolated from N. menziesii, including NmGT8 and NmGT22, and subcloned into a pET15b vector (Novagen) and expressed in E. coli BL2 cells using the Overnight Express Auto Induction System 1 (Novagen) at 25 C overnight.
The activities of the recombinant proteins were measured in 100 ml of a reaction mixture consisting of the recombinant crude protein extract (14 mg) and 1 mM UDP-glucose, 10-25 mM flavone and 0.1 M Tris-HCl buffer (pH 7.5). The reaction mixture was incubated at 30 C for 30 min, and the reaction was terminated by adding 100 ml of 90% acetonitrile containing 0.1% TFA. HPLC analysis was performed as described above.
The substrate preference of NmGT8 was measured using 2.5 mM flavonoid and 300 ng of purified recombinant protein in a 100 ml reaction mixture. The recombinant protein was purified to homogeneity by HisTag affinity chromatography with the Profinia protein purification system (BioRad). Reactions were performed at 30 C for 3 min. The substrate preference of NmGT22 was determined using 7.5 mM flavonoid and 50 ng of purified protein. Reactions were carried out at 30 C for 15 min. The activity of NmGT22 in the presence of an equal amount of NmGT8 was measured in a 100 ml reaction mixture containing 20 mM apigenin and 300 ng of purified recombinant NmGT8 and NmGT22. Heat treatment to inactivate the purified recombinant enzymes was carried out at 100 C for 7 min.
Activity toward betanidin was assessed in a 100 ml reaction mixture consisting of recombinant purified protein, 1 mM UDP-glucose and 10 mM Naascorbate in 140 mM K-phosphate buffer (pH 7.5). The reaction mixture was incubated at 30 C for 15 min, then the reaction was terminated by adding 20 ml of 10% phosphoric acid.
Determination of NmF4
0 GT and NmF4 0 G7GT kinetic parameters
The kinetic parameters of NmF4 0 GT with apigenin were determined using purified NmF4 0 GT enzyme (300 ng) added to the reaction mixture containing 1.25-20 mM apigenin, 1 mM UDP-glucose and 0.1 M Tris-HCl buffer (pH 7.5) in a 100 ml reaction mixture. The reaction mixture was incubated at 30 C for 3 min and flavones were quantified by HPLC analysis as described above.
The kinetic parameters of NmF4 0 G7GT with apigenin and apigenin 4 0 G were determined by adding 1 mg and 50 ng of the purified enzyme, respectively, to 100 ml of the reaction mixture containing 1.25-12.5 mM of one of the substrates, 1 mM UDP-glucose in 0.1 M Tris-HCl buffer (pH 7.5). The reaction mixture was incubated at 30 C for 15 min and flavones were quantified as mentioned above. V max and K m values were determined using a Lineweaver-Burk plot.
Characterization of NmF4
0 GT and NmF4 0 G7GT in vivo using tobacco culture cells Tobacco BY-2 (RIKEN Gene Bank RPC 1) (Nagata et al. 1992 ) cells and their corresponding transgenic cells were maintained in modified Linsmaier-Skoog medium (Nagata et al. 1981 ) with a 3% inoculum and vigorous rotation in the dark at 27 C, and then subcultured every week. The binary vectors to express NmGT8 and/or NmGT22 in tobacco BY-2 cells were constructed on a pBIN-PLUS binary vector (van Engelen et al. 1995) . The genes were regulated by an enhanced Cauliflower mosaic virus 35S promoter (Mitsuhara et al. 1996) and HSP18.2 terminator (Nagaya et al. 2010) . Tobacco BY-2 cell transformation was performed as described previously (Shindo et al. 2006 ) using Agrobacterium tumefaciens Agl0 (Lazo et al. 1991 ) harboring a binary vector. At least 20 transgenic cell lines were obtained, and one was subjected to further analysis after confirming the presence of the transgenes by RT-PCR.
Wild-type and transgenic cell cultures were diluted (3 ml of culture into 97 ml of new medium) and grown at 27 C for 3 d. Apigenin dissolved in 50% acetonitrile was added to 4 ml of culture to a final concentration of 162 mM. The cultures were maintained at 27 C for an additional two nights. The cells were harvested at 1,600Âg at 15 C for 15 min. The collected cells were ground in liquid nitrogen using a pestle before being thawed in 2.0 ml of methanol containing 1% HCl and stored overnight at room temperature. After being centrifuged at 12,400Âg for 5 min, the supernatant was subjected to HPLC analysis. HPLC was performed using a Shim-pack FC-ODS column (15 cmÂ4.6 mm; Shimadzu) at 40 C with a linear gradient using solvent A (H 2 O:TFA, 99.9:0.1, v/v) and B (H 2 O:methanol:TFA, 9.9:90:0.1, by vol.), from 20% to 100% solvent B for 90 min, followed by isocratic elution using 100% solvent B for 5 min at a flow rate of 0.6 ml min
À1
. Flavonoids were detected at a range of absorbances between 250 and 600 nm using a photodiode array detector (SPD-M20A, Shimadzu). Peak identification was based on retention time, spectra and cochromatography with the authentic compounds.
Supplementary Data
Supplementary data are available at PCP online.
